Abstract The cross wedge rolling (CWR) deformation and fracture of a Ti6Al4Al (ELI) alloy were investigated experimentally and numerically using a coupled thermomechanical finite element model analysis. The experimentally determined flow stress and damage model parameters were verified by tension split Hopkinson pressure bar testing of notched samples. The simulation and experimental CWR forces showed well agreements except near the end of the stretching zone. The model analysis showed that the temperature distribution in the work piece was nonuniform during the CWR. When the initial temperature of the work piece was relatively low, the work piece temperature increased, a heating effect of the plastic deformation, while relatively high initial work piece temperatures resulted in cooling the work piece, caused by the work piece contact with the tools. The cracks were shown numerically to initiate in the midsections of the work piece during the guiding action and elongated in a direction normal to the maximum tensile stress triaxiality, resulting in cruciformshaped crack formation, which was well agreed with the previously observed crack shape.
Introduction
The cross wedge rolling (CWR) is a plastic forming process, in which the cylindrical work pieces are deformed into axisymmetric stepped parts between two or more wedge tools, moving tangentially relative to work piece. The process is conducted at an elevated temperature to acquire relatively low deformation forces. The CWR has been determined to have potentials for the process automation, higher production rates, lower material cost, higher rate of material utilization and less hazardous material disposal to the environment [1, 2] . Nevertheless, the CWR has not found widespread applications among the metal forming industry, partly due to the lack of adequate technical knowledge on work piece failure mechanisms and partly due to the complexity of tool design [3] . There are basically three major defect groups in the CWR [4] . Excessive slip between work piece and tools results in improper deformation, misalignment and irregular cross-section of work piece. Surface defects including spiral groove, necking, and overlapping occur at relatively high frictional forces between tool and work piece, large reduction ratios
where d 0 is the initial and d is the final diameter of work piece) and sharp forming angles (α), respectively. The internal defects including voids and cracks cannot be detected visually; their detections necessitate the implementation of nondestructive inspection techniques. Two types of internal defects, namely centerline cracks (oriented along the work piece) and annular cracks, were reported to occur [5] . The internal void formation or crack initiation was caused by (1) large tensile stresses along the central portion of work piece, (2) excessive shear stresses in the knifing zone, and (3) low cycle fatigue [3, 6, 7] . The voids initiated during the knifing and guiding action and the cruciform-shaped cracks propagated through the direction of the maximum principal stress [8] . Finite element (FE) analyses were previously performed in order to understand the relationships between interfacial slip and frictional coefficient (μ), forming angles and reduction ratio [2, 7, 9] . The distributions of the strain, stress, strain rate, and temperature of work piece and tool forces were numerically investigated [5, [10] [11] [12] [13] [14] . A positive maximum principal stress was found at the center of work piece throughout the rolling process, while the stress at the mid-radius exhibited a cyclic variation, leading to axial annular cracks and wellknown Manessmann effect due to low cycle fatigue [5] . Various material models, including Cowper-Symonds flow stress [7, 15] and bilinear kinematic hardening [5] models, have been implemented in the CWR process modeling. The maximum effective plastic strain [6] , the first principal stress [9] , the dimensionless crushing parameter [15] , and Cockcroft, Cockcroft-Latham, Brozzo, and Oyane models [16] were previously investigated as the failure/fracture criteria. The microstructural variations of work piece during the CWR were analyzed using a thermo-mechanical simulator [14, 17, 18] . The applied coupled thermo-mechanical analyses clearly indicated that the touching surface of work piece was cooled down gradually when it was in contact with the tools, and it was re-heated after losing the contact with the tools [11, 13, 14] . As a result of the heat losses by convection and conduction, the temperatures of the center and surface of work piece either increased or decreased depending on the initial work piece and tool temperatures [11, 13, 14] .
In the present report, a coupled thermo-mechanical FE analysis was conducted in order to monitor the CWR deformation/fracture of a Ti6Al4Al (ELI) alloy which has not been investigated previously. In the first part of the study, tension tests at room and elevated temperatures and at quasi-static and high strain rates were performed in order to determine flow stress and damage model parameters. The validities of flow stress and damage model parameters were then verified by high strain rate testing of notched samples in a tension split Hopkinson pressure bar (TSHPB). The modeling efforts allowed to monitor the variations of the work piece temperature and proved the existence of cruciform-shaped cracks extending at the mid-cross-sections of the work piece. 
